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CONVERSION FACTORS, WATER-QUALITY AND OTHER METRIC UNITS, and VERTICAL DATUM
In this report, water temperature is reported in degrees Celsius (°C), which can be converted to degrees Fahrenheit (°F) by the equation°F = 1.8 (°C) + 32
and ambient (air) temperature is reported in degrees Fahrenheit(°F), which can be converted to degrees Celsius (°C) by the equation°C = (°F -32) / 1.8
Abbreviated water-quality and other metric units used in this report: Chemical concentration in water, or solute mass per unit volume (liter) of water, is given in milligrams per liter (mg/L) or micrograms per liter (µg/L). (A concentration of 1,000 µg/L is equivalent to a concentration of 1 mg/L. For concentrations less than 7,000 mg/L, the numerical value is about the same as for concentrations in parts per million.) Specific conductance is given in microsiemens per centimeter (µS/cm) at 25 degrees Celsius. Other metric units used are micron (µm), centimeter (cm), and square meter (m 2 ). The unit used for algal standing crop is milligram per square meter (mg/m 2 ). Standard units are used for pH.
Sea level:
In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929, formerly called "Sea-Level Datum of 1929"), which is derived from a general adjustment of the first-order leveling networks of the United States and Canada.
INTRODUCTION
The U.S. Geological Survey's (USGS) National Water-Quality Assessment (NAWQA) program began studies in the Cook Inlet Basin (COOK) study unit in 1997. The goal of the COOK study is to describe the status and trends in the quality of water in the basin and to relate that to an understanding of the natural and human factors controlling water quality.
Increasing urban populations, and the urban sprawl associated with the increase in population, are known to alter drainage basins and the streams that drain these urbanized catchments. Point sources of pollution in the U.S. and most developed countries have been studied intensely and regulated more closely since the passage of the Clean Water Act. The understanding of point-source pollution and its effects has shown that other factors contribute to the degradation of urban water quality as streams still show impairment. Many prior studies describe the effects of nonpoint-source pollution on water quality, especially in urban areas (Klein, 1979; Milner and Oswood, 1989; Wear and others, 1998; Winter and Duthie, 1998) . Nonpoint-source pollution factors that are commonly cited as detrimental to water quality are increases in conductivity due to road deicing, organic pollution from high-density livestock facilities, nutrient enrichment from fertilizers, and petroleum byproducts from the use of vehicles, among many others.
Associated with increases in population is increased impervious area, which leads to elevated runoff and streamflows over short time periods. As water in the catchment exits the system more rapidly owing to increases in impervious cover, low flows tend to decrease, and the overall habitat availability for stream-dwelling organisms correspondingly decreases. Increases in pollutants, which also are attributed to increasing populations and impervious areas, exacerbate the problems associated with lowered discharges: Because less water is available for dilution of pollutants, resident organisms are subjected to increasing stress. Macroinvertebrate-community structures have shifted from greater numbers of specialist feeders in undisturbed areas to greater numbers of generalists in less-diverse disturbed areas (Whiting and Clifford, 1983; Garie and McIntosh, 1986 ).
Anchorage presents a unique opportunity to study the effects of urbanization on benthic macroinvertebrates. Streams in Anchorage originate in undisturbed catchments and then course through areas having different population densities before emptying into Cook Inlet. This report generally describes the results of site reconnaissance for a study examining the changes in water quality along an urban gradient and specifically examines the response of benthic macroinvertebrates to changes in water quality along a gradient of urbanization in five stream basins within the Municipality of Anchorage, Alaska.
BASIN CHARACTERIZATION
The hydrology of Anchorage is dominated by five stream basins, all having headwaters in the Chugach Mountains, which border the municipality on the east side. Each stream courses through the city on the way to its mouth along the Cook Inlet. Anchorage, the most populated city in the State, is located within the Cook Inlet Basin in south-central Alaska. More than one-third of Alaska's population lives in Anchorage. Estimated population of the municipality as of 1996 was approximately 254,000 (Municipality of Anchorage, 1996) . The mean annual precipitation is 20 to 25 in. and average temperature is about 27°F (Brabets and others, 1999) .
Streams are affected by ice cover for a significant part of the year. Ice typically forms over the streams in late November to early December and open water reappears around the beginning of April. The time of ice cover varies according to the elevation of a particular segment of the stream.
The geology consists primarily of unconsolidated Quaternary alluvial or glacial deposits in the lower elevations and Mesozoic metamorphic, volcanic, and igneous rock in the Chugach Mountains on the east side (Brabets and others, 1999) .
Land cover is dominated by moist herbaceous and shrub tundra. Open and closed spruce forest, low and tall shrub, and alpine tundra and barrens cover smaller areas (Brabets and others, 1999) . Within the area under investigation in this study, land use is principally forest (military lands and State parklands) and urban (residential and commercial). fig. 1 ) and Chester Creek at Arctic Boulevard (site 27) were gaged sites and were planned as upper and lower (respectively) endpoints of the gradient. Upstream sites were chosen on the basis of level of development and access. Upstream sites had road densities that ranged from 0 to 2.1 mi/mi 2 (table 1). Intermediately positioned sites had a greater degree of development (road-density range, 0.9 to 4.2 mi/mi 2 ). The farthest downstream sites were the most highly developed sites within their respective basins and had road densities ranging from 0.57 to 9.2 mi/mi 2 . Ship Creek skewed the road-density calculations at its upstream and downstream sites owing to the overall size of the contributing area of the basin upstream from each site. The most current land-use and population information, used to calculate urbanization metrics, was assembled from landuse maps, satellite images, aerial photography, and geographic information systems databases. 
FIELD METHODS
Water-chemistry data (major ions, nutrients, dissolved and suspended organic carbon), field properties (stream discharge, specific conductance, dissolved oxygen, pH, and water temperature), concentrations of trace elements in streambed sediments, macroinvertebrate relative abundances, and chlorophyll-a data were collected to assess water quality along the urban gradient. For most sites, data were collected during August 23 to September 23, 1999 ; for the South Fork of Campbell Creek (site 23), data collected in late July 1999 as part of the NAWQA basic fixed-site sampling regime was used.
Water samples for major ions and nutrients and streambed-sediment samples for trace elements were collected according to NAWQA protocols (Shelton, 1994; Shelton and Capel, 1994) and sent to the USGS National Water-Quality Laboratory (NWQL) for constituent analysis. Major ions and trace elements addressed in this report include calcium, magnesium, sodium, potassium, sulfate, chloride, phosphorus, iron, manganese, aluminum, arsenic, cadmium, cobalt, copper, chromium, lead, mercury, molybdenum, nickel, selenium, silver, sulfur, and zinc.
Epilithic periphyton (algae attached to rocks) was collected using quantitative methods described by Porter and others (1993) and fluorometrically analyzed for chlorophyll-a concentrations at the University of Alaska at Fairbanks. Three algae samples comprising five rocks each were collected in each reach. These concentrations were averaged to measure algal standing crop in milligrams per square meter.
Macroinvertebrate samples were collected according to NAWQA protocols (Cuffney and others, 1993) . The richest targeted habitat (RTH or semiquantitative) method was designed to provide identification and enumeration of species within a given area. Riffles, which are known to support a taxonomically rich macroinvertebrate community (Hynes, 1970) , were targeted for semiquantitative sampling. Five samples, each representing a sampling area of 0.25 m 2 , were collected in riffles within each reach by using a 425-µm mesh Slack sampler. Bed sediment within the sample area was disturbed to a depth of approximately 10 cm for approximately one minute. Large rocks were scrubbed to remove any adhering organisms. The five samples then were composited and packaged for shipment. The samples were submitted to the Biological Unit of the NWQL for taxonomic determination. The resulting data was entered into a database for further manipulation (see appendix 2 for raw data). Macroinvertebrate metrics were calculated and categorized according to richness, composition, tolerance, and feeding measures (table 2).
ANALYSIS
Macroinvertebrate identification and presence-absence data were entered into a database and sorted for further analysis. An unweighted-paired-grouping-method (UPGM) cluster analysis using arithmetic means was applied to Bray-Curtis distance matrices and was performed by using lowest identifiable taxa data. Dendrograms were generated to aid in relating clusters of sites. UPGM clustering refers to the measurement of the distance between two clusters as measured by the average of all sampling units within each group (Pielou, 1984; Ludwig and Reynolds, 1988) . The resultant dendrogram grouped the sites on the basis of dissimilarities ( fig. 3) . Groupings that have larger Bray-Curtis dissimilarity values (approaching 1) are more dissimilar. Kerans and Karr (1994) ; Barbour and others (1996); and Fore and others (1996) Variables for water chemistry (major ions and nutrients) and bed-sediment chemistry (trace elements) that were below detection limits were removed from analysis because of the limited number of sites in the data set. A correlation table of the significant variables (p < 0.05, r > |0.7|) against population density was generated to determine those variables associated with urbanization for further analysis (table 3) .
Population, road, and storm-drain densities were calculated by using data provided by the Municipality of Anchorage. Population density was defined as number of persons/mi 2 of basin; road density was defined as linear miles of road per square mile of basin; storm-drain density was defined as miles of storm drains per square mile of basin. The ratio of population density to road density, or PDRD ratio, was calculated as the number of persons per mile of road. Each of these calculations incorporates all basin area upstream from each site.
Local regression analysis, performed by using the statistical package S-Plus 2000 (Mathsoft, Inc., 2000) , was used to examine the variables associated with urbanization (measured as population density in this study) for the presence of a threshold response or of a linear response. Threshold responses, visually identified by a breakpoint in or change in slope of a smooth-fit line, suggest a point at which further increases in population density could have a significant effect on stream condition with respect to the particular constituent or metric. Scatterplot smoothing was used to remove noise (that is, extraneous information that reduces our ability to see patterns in the data) from a data set and to produce a more easily interpreted fit. After the threshold had been identified visually on the plot, the breakpoint was tested by determining if the slopes of the two lines converging at the breakpoint differed significantly. A t-test (Zar, 1996) was used to check the equality of two population regression coefficients; a linear response indicates that any increase in population density (the independent variable, x) relates to an increase or decrease (depending on the variable) in the dependent variable (y) in a linear fashion without a significant change in the slope of the line at a breakpoint. Correlation coefficients between chosen metrics or constituents and population density are shown in table 3 (p < 0.05, n = 14). Of these variables, 12 biological variables (appendix 2 and appendix 3), 12 water-chemistry variables (appendix 4), and 7 trace-element-in-bed-sediments variables (appendix 5) were shown to be significant (p < 0.05).
BRAY-CURTIS DISSIMILARITY
The PDRD ratio was greatest for those sites rated as urban impacted (table 1, fig. 4 ). The ratios for sites 27, 67, 65, and 64 (members of group 1 in the cluster analysis, fig. 3 ) were an order of magnitude higher than for all other sites, which had PDRD ratios of less than 70. No difference with respect to the PDRD ratio was evident between UPGM cluster groupings 2 and 3.
Locally weighted regression analysis was performed on 31 macroinvertebrate metrics, water-chemistry variables, field properties, and bed-sediment variables that correlated significantly (p < 0.05) with population density (table 3) . Of these 31 variables, 11 showed a threshold response of the constituent to population densities when plotted and tested for significance ( fig. 5, fig. 6, fig. 7, table 4) , and 7 exhibited a linear response (no significant breakpoint in the line) ( fig. 8, table 4 ).
RESULTS
A UPGM cluster analysis of macroinvertebrate-species abundance data using Bray-Curtis distance matrices is shown in figure 3 . The sites separated into three primary groupings based on cluster analysis. These groupings illustrate a delineation between urban-impacted (group 1) and nonimpacted sites (group 2), as well as substantiate the differences between Ship Creek (group 3) and the rest of the basins in the Anchorage Bowl. The South Fork of Campbell Creek site (site 23, group 3) appears anomalous, possibly due to a different sampling time compared to the other sites. The PDRD ratio appears to support the separation of sites in group 1 from those in groups 2 and 3 but does not distinguish group 3 from group 2 (table 1, fig. 3, fig. 4 ). Storm-drain density also supports the separation of group 1 from groups 2 and 3. All group 1 sites had storm-drain densities ≥0.45. 
DISCUSSION
The Bray-Curtis distance measures revealed three distinguishable groupings. Group 1 or the "urbanimpacted" group is under the 12th node (dissimilarity index, 0.510). These sites (27, 67, 65, and 64) have the relatively high population densities, road densities, and storm-drain densities (≥0.45). Each of these sites also had PDRD ratios greater than 185. The separation of these sites is due primarily to the presence of oligochaetes (worms) and mayflies of the family Baetidae, both of which commonly are associated with diminished water quality. This is supported further by the metric percentage composition of the two most common taxa (PDT2), higher values of which commonly are associated with impaired water quality (Barbour and others, 1999) . Because all the group 1 sites had higher PDT2 values than all other sites, these sites were considered to be urbanimpacted sites. At these sites, we observed higher levels of fine sediments in the bed materials, which make better oligochaete habitat (Thorp and Covich, 1991) . The two major families, Naididae and Tubificidae, continuously feed on the sediments through which they burrow. Algae and other periphytic materials are the primary food source for most naidids, whereas bacteria are the preferred food source for most tubificids (Brinkhurst and Gelder, 1991) . Both these food sources are found in abundance at urban-impacted sites. Epiphytic algal blooms can be related to an increase in nutrients (lawn fertilizers, etc.) entering the stream after a storm event via storm drains, and bacteria in streams are most commonly associated with sewage or other organic pollution (such as from a large population of waterfowl, livestock, etc.). Both of these nutrient sources are common at or near the group 1 sites. Sites in group 2 or the "nonimpacted" group (63, 61, 60, 59, 62, 69, 66) , which is beneath the ninth node (dissimilarity index, 0.421), generally have considerably lower population, road, and storm-drain densities than sites have in the urban-impacted group. Two sites in the group (61 and 69) do have relatively high population densities, but this is offset by the lower PDRD ratio when compared to the urban-impacted sites. The primary macroinvertebrate groups driving this separation in the cluster analysis are those sensitive to perturbationthe mayflies (Ephemeroptera), stoneflies (Plecoptera), and caddisflies (Trichoptera). The last group in the cluster analysis is made up of the two Ship Creek sites (29 and 68) and the reference site for Campbell Creek (site 23). The Ship Creek sites are considered anomalous because of the size of the basin compared to the other basins in the study and the fact that the creek has been regulated through the building of two small dams. Salmon are no longer able to pass to the upper site (68) because of obstructions. Therefore, the replenishment of instream nutrients from salmon carcasses no longer occurs, depriving many macroinvertebrates of an important food source and thereby limiting occurrence and abundance. Another confounding factor relates to the drying of the streambed at the upper site (29) during winter low flows in some years. Discharge for the Ship Creek sites is also considerably greater than the other sites. The South Fork of Campbell Creek site (23) grouped with the Ship Creek sites, probably because of a shift in macroinvertebrate-community structure influenced by the date at which the sample was collected compared to the other sites. Food-type availability could be a driving factor in the separation of this site from group 2. This site was sampled in July and would not have had the abundance of leaf litter found during the later sampling period when all other sites were sampled. That a shift from a feeding regime dominated by grazing (of algae) to one dominated by shredding (of leaf litter) probably had not yet taken place is shown by the relative percentages of scrapers and shredders. We predict that an upstream site having few known urban factors would fit into group 2 if sampled during the same time period.
The PDRD ratio and storm-drain density appear useful for separation of urban-impacted from nonimpacted sites. High PDRD ratios (>70) are associated with areas that have a high percentage impervious cover. As population densities increase, more roads, parking, and housing are required to meet basic needs. Accumulation of pollutants (deicing salts, petroleum products, combustion byproducts, etc.) on road and parking surfaces has been modeled for small watersheds and was shown to have a potentially negative impact on the quality of water in streams when runoff events occur (Novotny and others, 1985) . The potentially greater input of pollutants into streams in areas of increased population density and hence high road density may have a significant role in the separation of urban-impacted from nonimpacted areas. Group 1 sites had storm-drain densities ≥0.45. Increased storm-drain density adds to the number of artificial channels that in turn rapidly pass water to the streams, thereby circumventing the natural hydrologic cycle (May and others, 1997) . This rapid channeling diminishes infiltration and storage of water in shallow aquifers and hence reduces baseflows during periods of reduced precipitation. Reduced baseflows have the effect of reducing habitat suitable for aquatic species, thereby negatively impacting the "natural state" of the stream. Regression analysis of the most significant variables, with respect to population density, revealed that the majority exhibited a threshold response to urbanization (table 4, fig. 5, fig. 6, fig. 7 ). This finding suggests that streams in the Anchorage Bowl are able to accommodate the effects of urbanization only up to a point; beyond that, stream structure and function are impaired.
Three of the six biologically significant variables (p < 0.05, r 2 >0.5) showed threshold responses (table 4) . Two variables (EPT taxa richness and total taxa richness) are richness measures, and one (Margalef diversity) is an index of the macroinvertebrate community. These biological variables tend to support the separation of urbanimpacted from nonimpacted sites revealed by the cluster analysis, especially when related to the PDRD ratio rather than exclusively to population density. Both taxa richness and macroinvertebrate diversity decrease in a downstream direction. In contrast, the percentage oligochaetes, the Hilsenhoff family-level biotic index (FBI) (Hilsenhoff, 1988) , and the PDT2 increase downstream; all three exhibit linear responses to population density ( fig. 8, table 4 ). Oligochaetes were generally one of the major components making up the PDT2 at the urbanimpacted sites. The FBI, which is a measure of organic pollution and the subsequent response by macroinvertebrates based on tolerance values, also increased downstream. FBI values greater than 5 suggest the probability of organic pollution. Sites that had PDRD ratios greater than 50 had FBI values greater than 5. Urban-impacted sites tended to have fewer species of more-tolerant, generalist organisms, whereas nonimpacted sites had greater numbers of more-sensitive species. Negative impact in general, with respect to the biological variables exhibiting a threshold response, appears to occur near population densities of 140 persons/mi 2 . EPT taxa richness shows a break in slope between 262 and 662 persons/mi 2 , but this threshold is due in part to the occurrence of the generally perturbation-tolerant Baetid family of mayflies (Ephemeroptera). Removal of this group from the metric calculations increases the sensitivity of the measure and brings it in line with the other two threshold variables.
The major ions (inorganic constituents in water samples) found to be significant with respect to population density include magnesium, sodium, potassium, and chloride (table 4) . Magnesium, sodium, and chloride are found in low concentrations in natural streams. The elevated levels found in the urban-impacted sites are probably a result of the application of deicing salts and subsequent runoff and possibly also a result of leakage of domestic wastewater. The linear trends in the fitted curves of the analyses for these three constituents ( fig. 8 , table 4) suggest that any increase in population density would result in a corresponding increase in the concentration of these constituents in water in Anchorage. Potassium, which showed a threshold response ( fig. 6 ), is an essential element for growth in both plants and animals. Elevated levels in urban areas are generally attributed to nonpoint-source pollution due to the application of fertilizers. The variables conductivity, total dissolved solids, and dissolved organic carbon also showed threshold responses ( fig. 6, table 4) . The breakpoints for waterchemistry variables reflect the threshold range for the biological metrics (table 4).
Significant trace elements in bed sediments (arsenic, lead, iron, manganese) ( fig. 7, table 4) , displayed a threshold-response curve with respect to population density ( fig. 7) . Although Klein (1979) considered the constituents lead and zinc to be good urban-signature constituents with respect to impervious area, zinc exhibited a linear response to population density in this study ( fig. 8, table 4) . The primary sources for both metals are vehicles, piping, and commercial and industrial nonpoint-source activity. Arsenic, iron, and manganese were more likely from natural sources, but because of organic pollution and the reducing (anaerobic) environment it helps to create in the sediments, they were more readily detected in the highly urbanized areas. The breakpoint for lead, at a population density between 60 and 125 persons/mi 2 , suggests that it is a potentially sensitive urbanization variable. Iron and arsenic levels were probably at background levels at upstream sites; changes in concentration were noted at urban-impacted site 65 and increased in a downstream direction. Manganese was in line with the biological metrics; its regression shows a breakpoint at a population density between 125 and 137 persons/mi 2 ( fig. 7 ).
CONCLUSIONS
Site-based reconnaissance data allowed us to visualize the effect of urbanization on stream macroinvertebrates in Anchorage. Population density appears to be a reasonable surrogate of urbanization, but further testing of the PDRD ratio as a rapid urbanization variable is needed. A threshold effect was observed for most of the significant variables. Adversely impacted sites typically had higher human population, road, and storm-drain densities. As trace-element and salt concentrations increased with increasing population, road, and storm-drain densities, macroinvertebrate diversity decreased. PDRD ratios greater than 70, road densities greater than 4.0 mi/ mi 2 , and(or) population densities of 125-150 persons/mi 2 (a conservative approximation) can be used to warn of the heightened potential of urbanization-induced degradation of streams in Anchorage. Exceptions to this are the Ship Creek sites, which may have skewed the data. Contributing factors may include disproportionate basin size and relative lack of development normally associated with urbanization over much of its area, localized industrialization, impoundments, and cessation of flow during winter months. Incremental areas between sites also should be examined for integration into calculations to determine if a more robust explanation can be generated.
The U.S. Census Bureau (1990) defines urban areas as having minimum population densities of 1,000 persons/mi 2 ; this criterion is met by only two of the sites in this study, though many of the other sites meet criteria to be designated "urban fringe". Wear and others (1998) suggested that two main areas along an urban-rural gradient may significantly impact water quality-at the edge of urban expansion and at the most undeveloped parts of the basin. According to results of our study, stream impairment appears to begin within the urban fringe. Areas having population densities of 125-150 persons/mi 2 appear to be the first to start showing signs of stream impairment. We readily could see evidence of changes in the streams and surrounding riparian areas at those sites near or at this threshold. For example, channels had been modified, the riparian zones were altered, manmade litter was observed, and the distance between roads and streams had decreased. The PDRD ratio complemented the results of the cluster analysis, at least with respect to differentiating urban-impacted and nonimpacted sites. Further study of this ratio as a rapid assessment of potential urban impact is warranted. Turbellaria  84  18  25  25  302  70  20  158  52  12  36 fig. 1, fig. 2 , and appendix 1 regarding site locations and numbering; sites are ordered from least to greatest population density. L, larvae; P, pupae; A, adults] Taxon  Site number   66  68  23  29  59  62  63  60  64  69  61  65  67  27 Arthropoda-Continued 9L  48L  8L 42L  43L 70L  28L  53L  2L 52L 42L  1L fig. 1, fig. 2 , and appendix 1 regarding site locations and numbering; sites are ordered from least to greatest population density. L, larvae; P, pupae; A, adults] Taxon  Site number   66  68  23  29  59  62  63  60  64  69  61  65  67 fig. 1, fig. 2 , and appendix 1 regarding site locations and numbering; sites are ordered from least to greatest population density. L, larvae; P, pupae; A, adults] Taxon  Site number   66  68  23  29  59  62  63  60  64  69  61  65  67 fig. 1, fig. 2 , and appendix 1 regarding site locations and numbering; sites are ordered from least to greatest population density. L, larvae; P, pupae; A, adults] Taxon  Site number   66  68  23  29  59  62  63  60  64  69  61  65  67 Margalef diversity index (lowest practical taxonomic level of identification) .003
Platyhelminthes
Insecta-Continued Ephemeroptera-Continued Heptageniidae 140L 5A 186L 17L 8L 101L 392L 92L 168L 6L 8L 42L 0 0 0 Cinygmula sp. 5L 0 202L 0 158L 0 0 189L 0 4L 42L 0 0 0 Epeorus sp. 159L 3L 302L 0 763L 420L 308L 420L 2L 108L 222L 0 0 0 Ephemerellidae Drunella doddsi 93L 354L 386L 60L 202L 210L 60L 117L 18L 9L 78L 0 0 0 Ephemerella aurivillii 0 3 0 L 1 L 0 0 0 0 0 0 0 0 0 0 0 Plecoptera Taeniopterygidae Taenionema sp. 0 12L 0 8L 29L 0 12L 105L 32L 0 6L 3L 0 0 Nemouridae Zapada sp. 75L 24L 42L 17L 144L 420L 40L 263L 3L 0 48L 0 11L 0
Zapada cinctipes
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